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INTRODUCTION
9 cells before use. The generation of rLCMVs using pRF-WE-SRG-∆20-25 (rLCMV-∆20-25), 170 pRF-WE-SRG-∆20-30 (rLCMV-∆20-30), and pRF-WE-SRG-∆31-40 (rLCMV-∆31-40) was not 171 confirmed. The viral growth capacity of rLCMV-UTR-comple, rLCMV-UTR 5-3 change, and 172 rLCMV-∆26-40 in Vero cells was significantly less than that of rwtLCMV ( Fig. 3C , P = 0.0008, 173 0.0003, and 0.0003; total variation = 22.55%, 31.86%, and 30.51%, respectively). 174
The focus morphologies of wtLCMV and rLCMVs generated in this study are 175 shown in Fig. 3D . The size of foci was concordant with viral growth-capacity features. The focus 176 sizes of rLCMV-5UTR∆41-60, rLCMV-5UTR∆60-77, and rLCMV-3UTR∆39-60 were
Pathogenicity of rLCMVs in mice. 181
To investigate the virulence of the rLCMVs (rwtLCMV, rLCMV-5UTR∆41-60, 182 rLCMV-5UTR∆60-77, rLCMV-3UTR∆39-60, rLCMV-UTR-comple, rLCMV-UTR 5-3 change, 183 and rLCMV-∆26-40), CBA/NSlc and DBA/1JJmsSlc mice were infected intraperitoneally (i.p.) 184 with wtLCMV or the generated rLCMVs at 1.0 × 10 2 FFU/head. 185 CBA/NSlc mice infected with wtLCMV (wtLCMV-CBA/NSlc mice), rwtLCMV 186 (rwtLCMV-CBA/NSlc mice), rLCMV-5UTR∆41-60 (rLCMV-5UTR∆41-60-CBA/NSlc mice), 187 or rLCMV-5UTR∆60-77 (rLCMV-5UTR∆60-77-CBA/NSlc mice) showed several clinical signs 188 of infection, such as ruffled fur and limb tremors at 7 days post-infection (d.p.i.), and weight loss 189 at 8 d.p.i. (Fig. 4A ). All wtLCMV-CBA/NSlc mice, 4 out of 5 rwtLCMV-CBA/NSlc mice, 4 out 190 of 5 rLCMV-5UTR∆60-77-CBA/NSlc mice, and 2 out of 5 rLCMV-5UTR∆41-60-CBA/NSlc 191 mice died within 20 d.p.i. (Fig. 4B and Table 4 ). Significant differences in survival rates were not 10 observed between rwtLCMV and rLCMV-5UTR∆60-77 (P = 0.3997) or between rwtLCMV and 193 rLCMV-5UTR∆41-60 (P = 0.3148). Hazard ratios for rwtLCMV / rLCMV-5UTR∆60-77 and 194 rwtLCMV / rLCMV-5UTR∆41-60 were 1.517 and 2.266, respectively. On the other hand, all 195 CBA/NSlc mice infected with either rLCMV-3UTR∆39-60 (rLCMV-3UTR∆39-60-CBA/NSlc 196 mice), rLCMV-UTR-comple (rLCMV-UTR-comple-CBA/NSlc mice), rLCMV-UTR 5-3 change 197 (rLCMV-UTR 5-3 change -CBA/NSlc mice), or rLCMV-∆26-40 (rLCMV-∆26-40-CBA/NSlc 198 mice) showed no clinical signs and survived. Significant differences in survival rates were 199 observed between rwtLCMV compared with either rLCMV-3UTR∆39-60, rLCMV-UTR-200 comple, rLCMV-UTR 5-3 change, or rLCMV-∆26-40 (P = 0.0133) ( Fig. 4A and B, and Table 4) . and Table 4 ). DBA/1JJmsSlc mice infected with rLCMV-5UTR∆41-60 (rLCMV-5UTR∆41-60-206 DBA/1JJmsSlc mice), rLCMV-5UTR∆60-77 (rLCMV-5UTR∆60-77-DBA/1JJmsSlc mice), or 207 rLCMV-3UTR∆39-60 (rLCMV-3UTR∆39-60-DBA/1JJmsSlc mice) showed clinical signs of 208 infection by 7 d.p.i. However, limb tremors were not observed and ruffled fur was mild. All 209 rLCMV-5UTR∆41-60-DBA/1JJmsSlc mice and rLCMV-5UTR∆60-77-DBA/1JJmsSlc mice 210 showed weight loss but survived. Although one rLCMV-3UTR∆39-60-DBA/1JJmsSlc mouse 211 showed weight loss and died at 8 d.p.i., 4 out of 5 rLCMV-3UTR∆39-60-DBA/1JJmsSlc mice 212 did not show weight loss and survived. Significant differences in survival rates were not 213 observed between rwtLCMV and rLCMV-3UTR∆39-60 (P = 0.2194). The hazard ratio for 214 rLCMV / rLCMV-3UTR∆39-60 was 3.603. All DBA/1JJmsSlc mice infected with either (rLCMV-UTR 5-3 change-DBA/1JJmsSlc mice), or rLCMV-∆26-40 (rLCMV-∆26-40-217 DBA/1JJmsSlc mice) showed no clinical signs and survived ( Fig. 4C and D, and Table 4 ). 218
Acquired immunity against LCMV in mice induced by infection with rLCMVs. 219
The neutralization titers against LCMV in sera collected from CBA/NSlc mice at 220 37 days after first infection and DBA/1JJmsSlc mice at 40 days after first infection were 221 evaluated. Among the 53 sera specimens collected from rLCMV-infected mice all specimens but 222 one, collected from an rLCMV-3UTR∆39-60-CBA/NSlc mouse, showed negative reactions in 223 the focus reduction neutralization test. The 50% focus reduction neutralization titer (FRNT 50 ) of 224 the positive sample was 40. 225
Mice that survived inoculation with rLCMVs were further i.p. infected with 1.0 × 226 10 3 FFU of wtLCMV 40 days after the first inoculation. Although all CBA/NSlc mice previously 227 inoculated with medium alone (the control) died within 11 d.p.i., all rLCMV-5UTR∆41-60-, 228 rLCMV-5UTR∆60-77-, rLCMV-3UTR∆39-60-, rLCMV-UTR-comple-, rLCMV-UTR 5-3 229 change-, and rLCMV-∆26-40-CBA/NSlc mice survived the secondary viral challenge, 230 exhibiting no clinical signs of infection ( Fig. 5A and B, and Table 4 ). and Table 4 ). None of the rLCMV-5UTR∆41-60-, rLCMV-5UTR∆60-77-, or rLCMV-236 3UTR∆39-60-DBA/1JJmsSlc mice showed any clinical symptoms. One of the 5 rLCMV-UTR-237 comple-DBA/1JJmsSlc mice showed ruffled fur and weight loss at 6 d.p.i. Several rLCMV-UTR 12 5-3 change-and rLCMV-∆26-40-DBA/1JJmsSlc mice showed weight loss 2 d.p.i.; all rLCMV-239 UTR 5-3 change-and rLCMV-∆26-40-DBA/1JJmsSlc mice showed ruffled fur 5 d.p.i.; and one 240 rLCMV-∆26-40-DBA/1JJmsSlc mouse died 8 d.p.i. 241
Minigenome assay and VLP assay. 242
To clarify the effect of various mutations or deletions in the UTRs on viral genome 243 transcription and replication, a minigenome assay was established and the function of UTRs with 244 mutated minigenome plasmids (SMGs) was analyzed. To construct SMG-GFP or SMG-luc, 245 cDNA fragments containing the S 5' UTR, S IGR, GFP or Renilla luciferase open reading frames 246 (ORFs) in an antisense orientation with respect to the 5' UTR, and the S 3' UTR were cloned 247 between a murine pol I promoter and a terminator of the pRF vector system (Fig. 6A ). The 248 expression of GFP or luciferase was observed only in BHK cells, which were co-transfected with 249 SMG-GFP (or SMG-luc) and both pC-NP and pC-L ( Fig. 6B and C). Neither GFP nor luciferase 250 expression was observed in BHK-21 cells transfected with SMG-GFP or -luc and either pC-NP 251 or pC-L. 252
We generated various mutated SMGs in which the mutations were equivalent to the 253 mutations introduced to pRF-WE-SRGs (Table 1 and 2). Detailed information relating to the 254 mutated SMG-GFP or -luc is described in the Materials and Methods section. We evaluated the 255 efficiency of genome transcription and replication of the RNAs derived from SMG-GFP (or -256 luc), SMG-5UTR∆20-40-GFP (or -luc), SMG-5UTR∆41-60-GFP (or -luc), SMG-5UTR∆60-77-257 GFP (or -luc), SMG-3UTR∆20-38-GFP (or -luc), SMG-3UTR∆39-60-GFP (or -luc), and SMG-258 UTR-comple-luc ( Fig. 7A and B ). As previously reported (11), the expression of minigenome-259 derived reporter genes was hampered by the co-expression of GPC and Z protein ( Fig. 7A ). Viral 260 genome transcription and replication were either not observed or observed less frequently when 13 cells were transfected with SMG-5UTR∆20-40-GFP (or -luc). The efficiency of viral genome 262 transcription and replication in cells transfected with SMG-3UTR∆20-38-GFP (or -luc) or SMG-263 UTR-comple-luc was significantly lower compared with cells transfected with SMG-GFP (or -264 luc). The level of luciferase expression in cells transfected with SMG-5UTR∆41-60-luc, SMG-265 5UTR∆60-77-luc, or SMG-3UTR∆39-60-luc was equivalent to that of cells transfected with 266 SMG-luc ( Fig. 7B ). 267
We also evaluated the packaging efficiency of the viral genome RNA analogs into 268 VLPs ( have been reports of LCMV infection and detection worldwide (1). Furthermore, LCMV has 280 long been widely used not only in virologic research but also in immunological research (9). 281
Understanding the role the LCMV genome plays in virulence and propagation may help to 282 inform the development of new vaccine strategies and/or antiviral therapeutic strategies.
genetics system has been reported by Lukas et al., with analyses of LCMV-ARM using this 286 system also reported (15). The identities of the nucleotide sequences between the S and L 287 segments of LCMV WE and LCMV-ARM are 85% and 82%, respectively. Several reports have 288 described characteristic differences between these strains. Our LCMV-WE reverse genetics 289 system has enabled us to clarify these characteristic differences from the virologic perspective. It 290 has been reported that LCMV-WE infection in non-human primates causes viral hemorrhagic 291 fever that resembles human infection with LASV (26, 27). The LCMV-WE reverse genetics 292 system can enable us to understand the pathogenic mechanisms of viral hemorrhagic fever 293 caused by arenaviruses without the need for Biosafety Level 4 facilities. 294
The 19 nt of both termini of the genome segments have been reported to be the 295 minimal genomic promoters necessary for viral replication and transcription (29). However, 296
there are dozens of nucleotides in the UTRs of the segments and their function has not yet been 297 studied. In this study, we focused on the S segment UTRs and performed RNA secondary 298 structure prediction of the LCMV S segment UTRs (Fig. 1A) . The results of this prediction 299 demonstrated that not only the terminal 19 nt in both 5'-and 3'-termini but also the 28th-33rd nt 300 in the 5'-terminus and the 26th-31st nt in the 3'-terminus formed base pairs with the highest 301 base-pairing probability ( Table 3 ). The results of generating various mutated rLCMVs suggested 302 that the base pairs comprising the 20th-40th nt in the 5'-terminus and the 20th-38th nt in the 3'-303 terminus, which included the 28th-33rd nt in the 5'-terminus and the 26th-31st nt in the 3'-304 terminus, greatly affected viral propagation ( Fig. 1 to 3, and Table 4 ). The successful generation 305 of rLCMV-UTR-comple, rLCMV-UTR 5-3 change, and rLCMV-∆26-40, and the failure to 306 generate rLCMV-∆20-25, rLCMV-∆20-30, and rLCMV-∆31-40 suggested that both the immunity than mice infected with rLCMVs that had a low capacity for propagation. The results 354 of the neutralization assay suggested that neutralizing antibodies against LCMV were not 355 induced in most mice. This is consistent with previous studies which showed that the generation 356 of anti-LCMV neutralizing antibodies was not detectable for between 60 to 120 days following 357 LCMV-WE infection in mice and that CD8 + T-cell-mediated cytotoxicity played a key role in 358
LCMV-WE infection (39). 359
UTRs play an important role in virus lifecycles, such as viral genome transcription, 360 replication, encapsidation, and packaging into VLPs. It has been reported that deletions in the 361
UTRs attenuated viral growth properties in Bunyamwera virus (BUNV) but that serial passage in 362 vitro endowed BUNV with partial recovery of its viral growth properties (40). In that report, the 363 authors found amino acid changes in the C-terminal domain of the L protein and suggested that 364 these changes might be involved in the evolution of the L polymerase, allowing it to recognize 365 the deleted UTRs more efficiently. In our study, the results of a minigenome assay with various 366 mutated MGs suggested that deletions or other mutations in the base pairs comprising the 20th-367 40th nt in the 5'-terminus and the 20th-38th nt in the 3'-terminus greatly hampered viral genome 368 transcription and replication ( Fig. 7A and B) . This seemed to be the cause of the non-production 369 of rLCMVs derived from pRF-WE-SRG-5UTR∆20-40 and pRF-WE-SRG-3UTR∆20-38. These 370 results supported the notion that the panhandle structure composed of these base pairs is involved 371 in the recognition site of the L protein. In this study, viruses which acquired mutations in the L 372 protein and recovered their viral growth properties did not emerge in the viral growth-capacity 373 experiment. However, there is a possibility that the L protein of rLCMV-UTR-comple, rLCMV-374 UTR 5-3 change, and rLCMV-∆26-40 can undergo amino acid changes and adapt its 375 conformation to the mutated UTRs. Deletions in the other UTRs (the 5' UTR 41st-60th nt, the 5' replication efficiency in the minigenome assay or viral genome packaging efficiency in the VLP 378 assay (Fig. 7) . These results suggest that UTRs, except for those base pairs composed of 40 nt in 379 the 5'-terminus and 38 nt in the 3'-terminus, were not involved in viral genome transcription, 380 replication, or packaging. Furthermore, these minigenome assay data suggest a low possibility 381 for the conformational adaptation of L protein to the mutated UTRs in rLCMV-5UTR∆41-60, 382
rLCMV-5UTR∆60-77, and rLCMV-3UTR∆39-60. 383
Although luciferase expression levels from SMG-3UTR∆20-38-luc were higher 384 than those from SMG-UTR-comple-luc, the packaging efficiency of the RNA products from 385 SMG-UTR-comple-luc was significantly higher compared with that of SMG-3UTR∆20-38-luc 386 ( Fig. 7B and D) . These results suggest that RNA products derived from SMG-UTR-comple-luc 387 were certainly packaged into VLPs and carried to the next cells but at low efficiency, and that the 388 sequence and/or conformation of UTRs also affected viral genome packaging efficiency. 389
In summary, we found that not only the 19 nucleotide base pairs in both termini of 390 the S segment but also the nucleotide base pairs of the 20th-40th nucleotides in the 5'-terminus 391 and the 20th-38th nucleotides in the 3'-terminus of the S segment formed panhandle structures 392 with high base-pairing probabilities. These regions affected viral propagation because they were 393 heavily involved in viral genome transcription and replication in terms of their nucleotide 394 sequence and conformation. Furthermore, our findings suggest that the other UTRs were 395 involved in viral pathogenicity in vivo, though they did not affect the efficiency of viral genome 396 transcription, replication, and packaging. The mechanism of attenuation of the virus in vivo 397 remains to be determined but the attenuation of LCMV without amino acid changes in 398 component proteins might help us to develop new vaccines.
MATERIALS AND METHODS 401

Cells and viruses. 402
BHK-21 and Vero cells were maintained in Dulbecco's modified minimal essential 403 medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 100 µg/ml penicillin-
Immunofocus assay and immunofluorescence assay (IFA). 408
The infectious dose of LCMV was determined using a viral immunofocus assay. WE-SRG-∆26-40, pRF-WE-SRG-∆20-25, pRF-WE-SRG-∆20-30, and pRF-WE-SRG-∆31-40), 432 which had mutations in the S segment UTRs, were generated using the site-directed mutagenesis 433
method. 434
To construct SMG-GFP and SMG-luc as minigenome plasmids, cDNA fragments Transfection, minigenome, and reverse genetics system. 470
For the minigenome, 1.0 × 10 5 BHK-21 cells were seeded into 24-well plates to 471 reach approximately 80% confluence. Cells were transfected with minigenome plasmids (SMG-472 assistance. This research was supported by Grant-in-aids from the Japan Society for the 584 Promotion of Science KAKENHI (15K21645, 11J02534, and 16K08041). Predicted RNA secondary structure of LCMV-WE S segment UTR derived from pRF-WE-SRG. 718
The location of the 19 base pairs in the termini and the base pairs comprising the 28th-33rd nt in 719 the 5'-terminus and the 26th-31st nt in the 3'-terminus are shown (B to F). Predicted RNA 720 secondary structures of LCMV-WE S segment UTRs which have 18-22 nt deletions in the 5'-or 721 3'-terminal UTRs. These RNAs were derived from pRF-WE-SRG-5UTR∆20-40 (B), pRF-WE-722 SRG-5UTR∆41-60 (C), pRF-WE-SRG-5UTR∆60-77 (D), pRF-WE-SRG-3UTR∆20-38 (E), and 723 pRF-WE-SRG-3UTR∆39-60 (F). RNA sequences of LCMV-WE S segment genome 5'-terminal 724 and 3'-terminal UTRs (or various mutated UTRs) and 50 nt of ORF regional RNA sequences that 725 were directly downstream of the UTRs were linked, sent to the CENTROIDFOLD server, and 726 analyzed using the CONTRAfold model (weight of base pairs: 2^2). Each predicted base pair is 727 colored with heat-color gradation from blue to red, corresponding to the base-pairing probability 728 from 0 to 1. Detailed information about pRF-WE-SRG and the various mutated pRF-WE-SRGs 729 is given in Table 1 and corresponding to the base-pairing probability from 0 to 1. Detailed information about the various 741 mutated pRF-WE-SRGs is given in Table 1 and *One DBA/1JJmsSlc mouse infected with rLCMV-UTR-comple showed ruffled fur and weight loss. 826 **All DBA/1JJmsSlc mice showed ruffled fur and weight loss 827 ***All DBA/1JJmsSlc mice showed ruffled fur and weight loss and one of five mice died.
